The growing interest in natural lignocellulosic fibers (NLFs) is associated not only with environmental benefits but also with technical, economical and social advantages. Among the NLFs, the coir fiber and pineapple leaf fiber (PALF) are low-cost and widely available waste materials. The present work investigated the dynamic mechanical properties, by means of DMA tests, of these two different fibers as reinforcement of epoxy matrix composites. The influence on DMA properties of composites by the volume fraction and the configuration form, mat or aligned coir fiber, were also evaluated. The results showed higher E' and E" moduli values and an increase in T g with the incorporation of PALF in epoxy matrix, which indicate a superior dynamic mechanical properties for this composite in comparison to the neat epoxy resin. The experimental data also revealed a stronger interfacial interaction of PALF/ epoxy when compared to coir fiber/epoxy. It was also found a lower tan δ value exhibited by higher volume fractions of aligned coir fibers in epoxy matrix.
Introduction
Due to an increasing environmental awareness, several studies have, in the past decades, been performed on natural lignocellulosic fibers (NLFs) as reinforcement of composites in substitution for synthetic fibers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Among these NLFs, both the pineapple leaf fiber (PALF) and the coir fiber are extracted from leftover parts of corresponding plant and so considered as waste materials. This makes them interesting fibers to be used in composites, not only because of environmental sustainability as biodegradable and renewable resources, but also for economical reasons 12, 13 . However, the use of NLFs in composites instead of synthetic fibers has its own drawbacks. NLFs exhibit a great dispersion in their properties, depending on several factors, such as age, chemical composition, diameter, and non-uniform dimensions 6, 11 . Hence, the understanding of the correlation between the structure and properties is essential for the development of NFLs as reinforcement of new composites. Many thermal and mechanical techniques could be employed for this purpose. In particular the dynamic-mechanical analysis (DMA), especially with temperature variation, has been used to determine relevant viscoelastic properties of epoxy composites [14] [15] [16] . This analysis enables one to follow the elastic and viscous response of the material by varying the frequency, load or temperature 17 . The dynamic-mechanical properties are generally represented by the storage modulus (E'), loss modulus (E") and damping factor (tan δ) as a function of time and temperature. Furthermore, the DMA allows one to associate the viscoelastic behavior with macroscopic properties and it also provides relevant information about fiber/matrix interaction 18, 19 . The evaluation of the dynamic mechanical behavior of composites reinforced with natural fibers has been the subject of several works [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . In all these works it was found that the incorporation of a natural fiber into a polymer matrix tends to sensibly increase E' and E" as well as to promote a reduction in tan δ. As for the PALF and coir fiber, dynamic mechanical parameters of their epoxy composites have not yet been investigated. Therefore, in order to compare the dynamic mechanical properties of these two distinct fibers, PALF and coir, reinforcing epoxy composites, DMA tests were performed. Epoxy matrix was used due to its good properties such as, environmental, chemical and thermal resistance. It can also be cured at room temperature, which makes it attractive for several applications 30 . Moreover, the polar epoxy and hydroxyl groups may promote some interactions with lignocellulosic fibers, in spite of the hydrophobic character of this resin. An additional aim of this work was also to investigate how the volume fraction of coir fibers affects the dynamic mechanical properties of their epoxy composites.
Materials and Methods
For dynamic-mechanical analysis (DMA) samples were prepared with epoxy resin reinforced with two different natural lignocellulosic fibers. The pineapple leaf fibers (Ananas comosus), PALF for short, were supplied by Desigan Natural Fibers, Brazil, and the coir fibers extracted from the mesocarp of coconut (Cocos nuciferaL.) fruits were provided by ''Coco Verde Reciclado'', Brazil. The PALF was tested in continuous and aligned form, while the coir fiber was tested both in continuous and aligned form as well as a mat, which consists of random fibers, nonwoven and pressed. These untreated fibers were just cleaned and dried at 60°C in an air-oven. The composites were prepared by pressing the epoxy resin type diglycidyl ether of the bisphenol-A (DGEBA) mixed with the hardener triethylene tetramine (TETA) using the stoichiometric phr 13 and 30 vol % of aligned fibers or mat. Samples of pure epoxy resin were made as control. Figure 1 shows the specimens after cure at room temperature. Three-point flexural mode was performed in a model Q 800 TA Instruments DMA equipment running at a frequency of 1 Hz under nitrogen atmosphere and heating rate of 5°C/ min. Curves of loss modulus (E"), storage modulus (E') and tangent delta (tan δ) were recorded in the temperature range from -100°C to 180°C were recorded. Tests were also carried out for specimens with different volume fractions 10, 20 and 30 % of aligned coir fibers to evaluate the influence of the incorporated amount in the dynamic mechanical properties of composites.
Results and Discussion
The variation of storage modulus (E') as a function of temperature for the aligned/mat coir fiber and aligned PALF samples is given in Fig. 2 . For comparison, the amount of fiber or mat was kept at 30 vol % for the different specimens. In this figure an abrupt modulus drop is observed at temperatures around 60-85°C. This zone corresponds to the respective relaxations in the polymer matrix associated with the glass transition temperature (T g ) from crystalline (rigid) to amorphous (rubbery) state 17 . The main result in Fig. 2 is that only the PALF composite exhibites improvement of its dynamic mechanical properties in comparison to epoxy resin up to 85°C, below the T g . Indeed, this fiber produces high restriction on the molecular motions of the epoxy resin 20 . The decrease in E' for the coir mat composite, up to 60°C, is probably due to the low stiffness of the random distributed coir fiber, which tends to reduce the viscoelasticity of the epoxy matrix 5 . On the contrary, the incorporation of PALF in the epoxy composite increases the stiffness of the matrix 31 . This can clearly be seen in the loss results for the incorporation of 20 % and 30 % of coir fiber suggest a greater interaction with the polymer chains, which decreases the mobility and tends to increase the stiffness of the composite. Changes in the mechanical properties of coir fiber composites were also reported by Harish et al 32 . Moreover, a peak shift to higher temperature is observed in Fig. 5 for the composite with 30% of fiber incorporation. This behavior could be explained by the reducing in flexibility of the composite as a consequence of the interaction of coir fibers with the epoxy chains 20 . Figure 6 shows the tan δ variation with temperature for different volume fractions of aligned coir fiber reinforced epoxy composites. In this figure, it was identified peaks associated with the glass transition temperature, T g , which are indicated in each curve. The reduction on the damping factor for epoxy composites with greater volumes of coir fibers was observed. This is related to the interaction between the coir fiber and matrix, reducing the ability of the epoxy to crystallize. modulus curves, Fig. 3 , which presents the highest E" peak for the PALF composite and lower values for both coir fiber and mat composites as compared to the neat epoxy. In Fig.  2 , it should also be noted that the rubbery plateau, above 100°C, is slightly higher for the composites with both PALF and coir fibers aligned in relation to the neat epoxy resin. This indicates a reinforcing effect that improves the thermal mechanical stability of the material at high temperature, except for the coir mat composite.
Curves of tan δ for the composites reinforced with the different fibers are shown in Fig. 4 . The results in this figure reveal a reduction in the damping capacity of all composites as compared to the neat epoxy. It is also observed a decrease in T g values, given by the tan δ peak temperature. In other words, the incorporation of both coir fiber and PALF decreases the mobility of epoxy polymer chains and impairs their damping capacity 20, 26 . By contrast, the decrease in tan δ is not so pronounced in the case of coir mat, probably due to the random distribution of fibers.
The effect of different volume fractions of aligned coir fiber incorporation in epoxy matrix was also investigated. Figure 5 shows the E" curves for the specimens reinforced with up to 30 % of continuous and aligned coir fiber. The 
Conclusions
• At high temperatures, DMA results showed a slight increase in the rubbery plateau for composites with both PALF and coir fibers aligned in relation to the neat epoxy resin. These composites display a reinforcing effect that improved the thermal mechanical stability above 100°C.
•
The PALF incorporation increases the E', E" and T g values due to the effective stress transfer from the epoxy matrix to the fiber up to about 60°C. This occurs as a consequence of the strong interfacial adhesion, which indicates superior dynamic mechanical properties for this composite in comparison to both coir fiber composites and the neat epoxy resin.
The decrease in the T g value and the highest damping factor attended by the coir mat composite reveals low restriction on the molecular motions of the epoxy resin and poor interfacial bonding of this composite.
The low tan δ value and high glass transition temperature exhibited by higher volume fractions of aligned coir fibers in epoxy matrix suggests the increase of the stiffness of this composite, which was attributed to the interaction with the polymer chains.
• PALF/epoxy composite showed the highest reinforcing effect due to the increase of strength and stiffness verified in DMA curves. Therefore, these results emphasize the high potential of the PALF as reinforcement in epoxy composite and as a low-environmental impact alternative material.
